Objective: Prognostic prediction of colorectal cancer (CRC) remains challenging because of its heterogeneity. Aberrant expression of caudal-type homeobox transcription factor 2 (CDX2) is strongly correlated with the prognosis of CRC. Methods: Tissue samples of patients with CRC who underwent surgery in Xinhua Hospital (Shanghai, China) from January 2010 to January 2013 were collected. CDX2 expression was semiquantitatively evaluated via immunohistochemistry. Results: In total, 138 patients were enrolled in this study from a prospectively maintained institutional cancer database. The median follow-up duration was 57.5 months (interquartile range, 17.0-71.0 months). In the Cox proportional hazards model, low CDX2 expression combined with stage T4 CRC was significantly the worst prognostic factor for disease-free survival (hazard ratio ¼ 7.020, 95% confidence interval ¼ 3.922-12.564) and overall survival (hazard ratio ¼ 5.176, 95% CI ¼ 3.237-10.091). In the Kaplan-Meier survival analysis, patients with low CDX2 expression and stage T4 CRC showed significantly worse disease-free survival and overall survival than those with low CDX2 expression alone.
Introduction
Colorectal cancer (CRC) is the third most common malignancy, with approximately 134,490 new cases diagnosed and 49,190 related deaths reported in 2016. 1 The high incidence and mortality rates of CRC make this disease a major therapeutic challenge. Although CRC is potentially curable by surgical resection of the primary lesion, 2 approximately 30% of patients with stage I to III CRC and nearly 65% of patients with stage IV CRC are at risk of developing recurrence. 3 Patients' overall survival (OS) and disease-free survival (DFS) remain poor despite advances in CRC treatment, including surgery and adjuvant chemotherapy, which are particularly targeted to patients with stage III CRC. 4, 5 The prognosis of CRC is usually determined through clinical staging using the unified guidelines of the Union for International Cancer Control and American Joint Committee on Cancer (AJCC) Tumor Node Metastasis (TNM) system. 6 However, these guidelines do not accurately reflect patient survival, possibly because of the heterogeneity of both the patients and the disease. The most widely used tumor marker for CRC is carcinoembryonic antigen (CEA). 7 Although the CEA level is related to poor patient outcomes, 8 its clinical value as an independent prognostic marker is controversial. Thus, the identification of new prognostic markers to categorize patients into high-and low-risk categories is crucial for developing more effective and individualized treatment strategies.
Caudal-type homeobox transcription factor 2 (CDX2), an essential intestinespecific regulator, is involved in the development and differentiation of intestinal epithelial cells [9] [10] [11] and is associated with cell proliferation, migration, and tumorigenesis. 12 Decreased CDX2 expression may indicate advanced CRC and a poor prognosis. [13] [14] [15] [16] A recent study evaluated CDX2 expression in 2115 tumor samples and concluded that those lacking CDX2 expression were at high risk for poor outcomes. 17 However, the study mainly focused on the identification of patients who might benefit from adjuvant chemotherapy; the potential of CDX2 as a prognostic biomarker for other stages of CRC was not clarified. Thus, the clinical value of CDX2 as an essential biomarker for CRC remains unclear.
The present study was performed to explore the value of the combination of the T stage and postoperative CDX2 expression for predicting the prognosis in surgically treated patients with CRC. The aim was to provide data that help to better stratify patients for more appropriate and individualized therapy and ultimately prolong OS.
Materials and methods

Patients and tissue samples
From January 2010 to January 2013, 192 patients underwent curative surgery in Xinhua Hospital (Shanghai, China). This retrospective study used the tissue microarray (TMA) data obtained in a previous study, and the immunohistochemistry results were obtained from a database in our department. Briefly, formalin-fixed, paraffin-embedded CRC tissues were collected and converted into TMA for further immunohistochemistry analysis. Patients lost to follow-up were excluded from the study. The Ethics Committee of Xinhua Hospital approved this study (approval No. XHEC-D-2018-044) and allowed exemption from the need for informed consent because of the retrospective nature of the research. Details can be found in the review document.
Clinical and survival data evaluation
Clinical data were obtained from a prospectively maintained, institutional review board-approved database. Clinical characteristics including sex, age, tumor location, tumor differentiation, TNM stage, and AJCC stage as well as serological findings were collected from the electronic medical records. At the end of surgical treatment (curative surgery), the patients were routinely followed up every 3 months for the first 2 years and every 6 months thereafter. Follow-up visits consisted of cancerfocused history taking and physical examination and were conducted via telephone interviews and outpatient examinations. OS was measured from the date of surgery until the date of death of any cause, and DFS was measured from the date of surgery until the date of local or metastatic recurrence. Patients who were alive at the date of last follow-up were censored.
Evaluation of the TNM stage in the present study specifically referred to the pathological stage. Laboratory evaluation involved measurement of the serum CEA, hemoglobin, and albumin levels at cutoff values of 10 ng/mL, 110 g/L, and 35 g/L, respectively.
Immunohistochemistry
TMA comprised 192 primary CRC tissues that were then immunohistochemically stained to determine the CDX2 expression. Core tissue biopsy samples of 2 mm in diameter were obtained from two different regions (the tumor tissue and the area surrounding the same tumor) of individual formalin-fixed, paraffin-embedded tissue specimens for each patient. TMAs were incubated in the oven at 67 C for 90 minutes, routinely deparaffinized in xylene and ethanol of descending concentrations, and treated with citrate buffer (pH 6.0) in a pressure cooker for 20 min at 98 C for antigen retrieval. Endogenous peroxidases and nonspecific antigens were blocked by applying 3% hydrogen peroxide and 5% goat serum at room temperature for 30 minutes each. The primary antibody to CDX2 was incubated overnight at 4 C (A1629; ABclonal, Woburn, MA, USA), while the secondary antibody was incubated for 30 minutes at room temperature followed by the addition of diaminobenzidine chromogen (Beyotime, Haimen, China). Finally, the samples were counterstained with hematoxylin, dehydrated, and cover-slipped.
Histopathologic evaluation of CDX2 expression
The CDX2 expression in TMA was evaluated and semiquantitatively scored based on the immunohistochemistry results by two independent pathologists (Figure 1 ). Both the staining proportion (the percentage of cells stained) and the staining intensity were considered, as suggested by Remmele and Stegner. 18 The proportion was scored as 0 (0%), 1 (>0% to 25%), 2 (>25% to 50%), 3 (>50% to 75%), or 4 (>75%), while the intensity was scored as 0 (negative), 1 (weakly positive), 2 (moderately positive), or 3 (strongly positive). The final staining score was calculated by multiplying the proportion score by the intensity score. Samples with a staining score of 4 comprised the low-expression group, and those with a score of >4 comprised the high-expression group.
Statistical analysis
GraphPad Prism 5 software (GraphPad, San Diego, CA, USA) and SPSS version 19.0 software (IBM Corp., Armonk, NY, USA) were used for the statistical analyses. For the survival analysis, the Kaplan-Meier method was used to assess the survival time distribution according to different prognoses, and the log-rank test was performed to test the significance of a deviation from the null hypothesis in DFS and OS among the different prognostic groups. A Cox proportional hazard model was used to compute the hazard ratio (HR) for the multivariate survival analyses, with adjustments for variables that may be significant prognostic factors according to the univariate analyses. The confidence intervals (CIs) were set at 95%, all statistical tests were two-sided, and a p-value of <0.05 was considered significant.
Results
Demographic and clinical characteristics
From January 2010 to January 2013, 138 patients with CRC who underwent surgical resection at our institution were enrolled in this retrospective study (54 of the original 192 patients were lost to follow-up). Of these, 74 were men and 64 were women. The median patient age was 66 years (interquartile range, 55.0-76.3 years), and the median follow-up time was 57.5 months (interquartile range, 17.0-71.0 months). The tumor was located in the rectum, left colon, and right colon in 47.1%, 33.3%, and 19.6% of the patients, respectively. Ten (7.2%) patients had stage I CRC, 56 (40.6%) had stage II, 59 (42.8%) had stage III, and 13 (9.4%) had stage IV. The detailed demographic, clinical, and laboratory characteristics are listed in Table 1 .
CDX2 expression status in CRC
In total, 72 (52.2%) and 66 (47.8%) samples were categorized into the low-and highexpression groups, respectively. A total of 73 patients had stage T4 disease; of these, 45 (61.6%) had low CDX2 expression. The detailed distribution of CDX2 expression by T stage, N stage, M stage, and sex is shown in Figure 1 .
Univariate and multivariate analysis of OS and DFS in patients with CRC
Cox proportional hazards regression analysis was performed to determine the risk factors for survival and the potential prognostic value of clinicopathological factors. Factors that may have significant prognostic value (p < 0.05) in the univariate analysis were included in the multivariate analysis ( Table 2) . The univariate analysis showed that sex, a high hemoglobin level, a high CEA level, a tumor involving the serosa or beyond, regional lymph node metastasis, a high AJCC stage, and low CDX2 expression were significantly associated with worse DFS and OS (p < 0.05). These factors were then used in the multivariate analysis. (Figures 2(a), (b) and 3(a), (b) ). Patients in the low CDX2 expression group had a worse outcome than those in the high CDX2 expression group (p < 0.001 for DFS and OS) (Figures 2(c) and 3(c) ).
Interestingly, we found that the combination of the T stage with the CDX2 expression status had a better prognostic prediction value. In the Kaplan-Meier survival analysis, patients with tumors penetrating the serosa (T4) and low CDX2 expression had worse outcomes with respect to DFS and OS (p < 0.05 for both) compared with the other groups. In addition, these patients had significantly worse DFS (p ¼ 0.021) and OS (p ¼ 0.047) than those with only low CDX2 expression (Figures 2  (d) and 3(d) ). In contrast, patients with high CDX2 expression and tumors confined to the serosa (T1-T3) had the best prognosis among all subgroups (p < 0.05). The survival curve showed that these patients had significantly better DFS and OS than those with only high CDX2 expression (p ¼ 0.021, p ¼ 0.022) (Figures 2(e) and 3  (e) ). In addition, we analyzed survival in patients with low CDX2 expression with T4 stage CRC, low CDX2 expression with T1-T3 stage CRC, and high CDX2 expression with T4 stage CRC. As shown in Figures 2(f) and 3(f), patients with low CDX2 expression with T4 stage CRC had the worst prognosis with respect to both DFS and OS than the other two groups (p < 0.001, p < 0.
001) (Figures 2(f) and 3(f)).
A Cox proportional hazards regression analysis was performed to further evaluate the prognostic prediction value of the combination of CDX2 expression and the T stage. Because the integrated indictor was derived from the CDX2 expression status and T stage, we alternately removed CDX2 expression status and T stage to reduce the bias of the derivative indicators when they were analyzed together; we then evaluated the prognostic value of the integrated indictor separately. In the univariate analysis, low CDX2 expression combined with stage T4 CRC showed a significant association with worse DFS (p < 0.001) and OS (p < 0.001). Furthermore, the multivariate analysis showed that the combination of low CDX2 expression and stage T4 CRC was an independent prognostic factor 
Relationship between low CDX2 expression and tumor features in CRC
In the present study, 72 (52.2%) patients were confirmed to have low CDX2 expression. To investigate the potential correlation between CDX2 expression and tumor features, we further analyzed the clinical pathological features among these 72 patients. Only 9 (12.5%) patients were diagnosed with well-differentiated tumors, and 45 (62.5%) had tumor penetration of the serosa. These data further indicated that loss of CDX2 could cause a poor prognosis in patients with CRC. Detailed data are shown in Table 4 .
Discussion
Establishment of an accurate prognostic prediction system or markers is crucial in classifying high-and low-risk patients and developing appropriate treatment and follow-up strategies for CRC. In the present study, we investigated the influence of multiple factors on the prognosis of patients with CRC, including CDX2 expression, TNM stage, and CEA level.
Our data demonstrated that low CDX2 expression was a poor prognostic factor for CRC, which is consistent with the findings of previous studies. 17, 19 In the Cox proportional hazards model, we found that CDX2 expression was closely associated with the outcome of CRC, while the differentiation of the tumor was not significantly associated with either DFS or OS. This further implicates CDX2 as a novel prognostic marker independent of differentiation. In addition, the combination of CDX2 expression and the T stage showed a better prognostic prediction value. Specifically, patients with high CDX2 expression and a tumor confined within the serosa (T1-T3) showed longer OS or DFS than patients in the other groups. Meanwhile, patients with low CDX2 expression and a tumor penetrating the serosa (T4) had the worst prognosis. Therefore, a combination of CDX2 expression and a stage T4 tumor might provide a reference for choosing treatment modalities. For example, to improve survival, the treatment should be more proactive and the follow-up more frequent in patients with low CDX2 expression and a T4 tumor. Determining the depth of tumor invasion via imaging and CDX2 expression via pathological analysis during the preoperative period may be helpful in predicting the prognosis and developing treatment strategies for patients with CRC.
CDX2 is an intestine-specific tumor suppressor that may inhibit progression and metastasis in CRC. [20] [21] [22] Loss of CDX2 expression is related to a poor outcome, suggesting an invasive phenotype, advanced TNM stage, or poor differentiation. 15, 20, [23] [24] [25] The carcinogenesis of CRC could be associated with chromosomal instability, genotype mutations (e.g., APC, KRAS, BRAF), a high level of microsatellite instability (MSI), and a CpG island methylator phenotype (CIMP), among others. [26] [27] [28] Previous research has shown that low CDX2 expression is an independent and highly specific predictor of a poor prognosis in patients with MSI-high CRC. 23, 25 Moreover, loss of CDX2 expression may be a significant contributing factor to the development of a CIMP-high phenotype in CRC, which could compromise the patient's prognosis. 29 However, in their multivariate analysis, Baba et al. 30 found that loss of CDX2 expression was significantly associated with CIMP but not with MSI. Thus, according to the close relationship between CIMP and CDX2 expression, we speculate that CpG island hypermethylation could play a potential role in silencing CDX2 expression. Further evidence is needed to determine other roles of CDX2 expression in CRC carcinogenesis.
Low CDX2 expression has also been associated with genotype mutations. One study showed that 23 of 24 (96%) BRAFmutated cancer samples demonstrated loss of CDX2 expression, indicating that loss of CDX2 expression is highly specific for BRAF mutation. However, KRAS mutation was not significantly associated with CDX2 expression in this study. 31 Lack of CDX2 expression is considered to be a potential marker of the serrated neoplasia pathway in CRC because of its association with high MIS, high CIMP, and BRAF mutations. 32 As such, CDX2 might be an indicator of cancer molecular biology.
The AJCC TNM staging system is widely accepted as an important prognostic predictor with which to estimate survival of patients with CRC. This system puts more emphasis on the N and M status in advanced cases. In the present study, we found that patients with stage T4 CRC had a significantly worse prognosis than those with earlier stages. Furthermore, stage T4 CRC was an independent factor for shorter OS.
Our study confirms the challenges posed by T4 carcinomas to the operating surgeon. In this study, all patients with CRC diagnosed with stage T4 tumors showed worse survival than patients with stage T1 to T3 tumors. Notably, 35 (47.9%) of these patients developed recurrence or metastasis, while only 6 (9.2%) of those with stage T1 to T3 had recurrence or metastasis. Liver or lung metastasis was the most common type of metastasis (62.9%) in the patients with stage T4 CRC. Given that almost 50% of the patients with stage T4 CRC were more likely to develop a worse prognosis may indicate that primary tumors penetrating the serosa or involving other organs have a higher risk of recurrence and metastasis. Several researchers have recently focused on the prognostic value of the T stage. [33] [34] [35] A retrospective nationwide study of 889 patients with colon cancer revealed a 5-year cancer-specific survival rate of 50% and 30% for patients with stage II and III disease, respectively, among those with stage T4 cancer. 36 These findings indicate that stage T4 might be the best histopathological indicator of a poor prognosis in stage II disease and a major poor prognostic predictor in stage III disease. 36 Rottoli et al. 37 also demonstrated that T4N0 cancer had a worse oncologic outcome than other stage II tumors and had a similar outcome to advanced stage III cancer. A study that evaluated several microscopic features of stage T4 cancer showed that tumors perforating the visceral peritoneum and directly invading other organs or structures through malignant invasion instead of inflammatory adhesion are associated with poor survival. 38 These findings further support the clinical value of the tumor stage. We consider that the depth of tumor invasion might reflect the invasiveness of the phenotype.
Prognostic evaluation in patients with CRC remains challenging because of the heterogeneity of the disease. The combination of CDX2 expression and the tumor stage was the most effective prognostic marker in our study. In our study cohort, 30 of the 45 patients with low CDX2 expression and a low tumor stage developed malignant recurrence and metastasis, which led to a poor outcome. One possible explanation is that abnormal changes in molecular biology including high MSI, high CIMP, and point mutations could decrease CDX2 expression, thus adversely influencing the patient's prognosis. Second, tumors penetrating the serosa or involving other organs could be an independent contributing factor of malignant recurrence and metastasis, which further compromise the patient's quality of life and eventually lead to worse outcomes. Thus, we hypothesized that these two poor prognostic factors could play a synergistic effect in worsening survival. This hypothesis supports the promising value of these factors in predicting prognosis.
From the results of this study, we can stipulate that CDX2 expression is associated with the depth of tumor invasion and that low CDX2 expression accelerates tumor invasion, thus increasing the risk of tumors penetrating the serosa or involving other organs. Determining the exact mechanism by which CDX2 is correlated with the depth of tumor invasion may be helpful in improving the accuracy of prognostic prediction and identification of new therapeutic targets. CEA is another widely applied tumor marker for CRC, particularly in tumor surveillance. 39 It has high sensitivity in predicting recurrence, but not in predicting OS. This might partly explain why it did not have clinical value in our study. Other factors such as the hemoglobin level might have played a role in the short-term outcome of the surgery, but it showed limited value in long-term survival.
Our study had some limitations. First, some selection bias may have been present because all patients included in the study were diagnosed and managed only by colorectal surgeons in our department. Second, because of the retrospective nature and long duration of this study, loss to follow-up and incomplete clinical data were inevitable. Third, our study was limited by its singlecenter design and insufficient sample size, which might limit the generalizability of the results. Multicenter studies with large sample sizes should be performed to further confirm our findings.
Conclusions
The T stage combined with the CDX2 expression status had better prognostic prediction value in terms of OS. Patients with T4 stage CRC with low CDX2 expression have the highest risk of poor survival. The combination of CDX2 expression and the T stage could be a novel effective prognostic indicator for patients with CRC. If the prognosis is accurately predicted, treatment and follow-up strategies could be adjusted accordingly to prolong survival.
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